Glucocorticoids are steroid hormones regulated in a circadian and stres-associated manner to maintain various metabolic and homeostatic functions that are necessary for life. Synthetic glucocorticoids are widely prescribed drugs for many conditions including asthma, chronic obstructive pulmonary disease (COPD), and inflammatory disorders of the eye. Research in the last few years has begun to unravel the profound complexity of glucocorticoid signaling and has contributed remarkably to improved therapeutic strategies. Glucocorticoids signal through the glucocorticoid receptor, a member of the superfamily of nuclear receptors, in both genomic and non-genomic ways in almost every tissue in the human body. In this review, we will provide an update on glucocorticoid receptor signaling and highlight the role of GR signaling in physiological and pathophysiological conditions in the major organ systems in the human body.
Glucocorticoids
Natural glucocorticoids (cortisol in humans and corticosterone in rodents) are cholesterolderived hormones secreted by the zona fasciculata of the adrenal glands. The synthesis and release of glucocorticoids is under dynamic circadian and ultradian regulation by the hypothalamic-pituitary-adrenal (HPA) axis ( Figure 1 ) [1] . Furthermore, availability of natural glucocorticoids in tissues is regulated by corticosteroid binding globulin in serum and by locally expressed 11β-hydroxysteroid dehydrogenase enzymes (11β-HSD) [2] ( Figure 1 ). Imbalance in glucocorticoid levels such as chronic elevation or deficiency can result in pathological conditions known as Cushing's disease and Addison's disease, respectively.
Synthetic glucocorticoids are drugs that resemble natural glucocorticoids. Prednisone/ prednisolone, dexamethasone and budesonide are some of the commonly prescribed glucocorticoids. Synthetic glucocorticoids differ from natural glucocorticoids by their potency and metabolic clearance. Unlike natural glucocorticoids, dexamethasone is not susceptible to inactivation by 11β-HSD2, thereby increasing its local availability [3] . Furthermore, unlike natural glucocorticoids, synthetic glucocorticoids do not bind corticosteroid-binding globulin, thereby not being susceptible to their regulation of available levels.
The clinical use of glucocorticoids dates back to the late 1940s when Philip Hench successfully treated the symptoms of rheumatoid arthritis [4] with cortisone, for which he later received a Nobel Prize [5] . Since then, glucocorticoids have revolutionized the field of medicine; synthetic glucocorticoids are being prescribed for chronic inflammatory conditions including asthma, skin infections, and ocular infections, as well as for immunosuppression in patients undergoing organ transplant. In addition to their antiinflammatory properties, corticosteroids have been exploited for their anti-proliferative and antiangiogenic actions for the treatment of cancers [6] .
Both natural and synthetic glucocorticoids transduce their actions by binding to the glucocorticoid receptor (GR) (Figure 2 ). In the absence of glucocorticoids, the GR resides in the cytoplasm bound to chaperone proteins such as heat shock protein 90 (hsp90). Upon ligand binding, the GR undergoes a confirmational change that triggers its translocation to the nucleus, where it can exert its actions mainly through genomic (transactivation and transrepression) mechanisms. GR is the product of a single gene, NR3C1 located on chromosome 5q31-32 in humans, that undergoes alternative processing to yield multiple functionally distinct subtypes of GR. Diversity in GR signaling comes from the actions of different glucocorticoid-response elements (GREs) and multiple receptor isoforms generated by alternative splicing and alternative translation initiation [7] . Additionally, multiple posttranslational modifications including phosphorylation, acetylation, ubiquitination and SUMOylation (small ubiquitin related modifier) can alter the function of this transcription factor [8] . These mechanisms are summarized in Table 1 .
Mechanism of glucocorticoid receptor signaling Glucocorticoid Receptor
The GR is a modular protein containing an N-terminal transactivation domain (NTD), a central DNA-binding domain (DBD), a C-terminal ligand-binding domain (LBD), and a flexible "hinge region" separating the DBD and the LBD. The NTD has strong transcriptional activation function (AF1), which allows for the recruitment of coregulators and transcription machinery. Among the entire 48 members of the nuclear receptor superfamily, the DBD is the most conserved region. The two zinc finger motifs present in the DBD recognize and bind specific DNA sequences on target genes called glucocorticoid response elements (GREs). Upon ligand-binding, the second activation function (AF2), located in the LBD, interacts with coregulators. The DBD/hinge region and the LBD, each contain a nuclear localization signal that allows translocation to the nucleus via an importindependent mechanism [7] .
GR isoforms
The human NR3C1 gene contains 9 exons with the protein coding region formed by exons 2-9. Exon 1 forms the 5'-untranslated region. Alternative splicing of GR generates hGRα and hGRβ isoforms, which are identical through amino acid 727, but differ in their C-termini [7] . The hGRα isoform binds to glucocorticoids, translocates to the nucleus, and recruits coregulators to exert transcriptional effects. However, the hGRβ isoform resides constitutively in the nucleus and acts as a natural dominant negative inhibitor of hGRα isoform. The hGRβ isoform can directly regulate genes that are not regulated by hGRα isoform. Although hGRβ has not been reported to bind glucocorticoid agonists, one antagonist RU486 (mifepristone) has been shown to bind to hGRβ and regulate its transcriptional activity [9] . These data show that hGRβ functions to negatively regulate the actions of the hGRα isoform as well as exert its own independent functions. GRβ isoforms also exist in mice and zebrafish, but are generated by an alternative splicing mechanism that is distinct from the GRβ in humans [10, 11] . GRγ, GR-A and GR-P are other less characterized GR isoforms, which have been associated with glucocorticoid insensitivity [7] . For example, GRγ expression was found to be lower in patients with acute lymphoblastic leukemia who responded well to glucocorticoid treatment than in patients who responded poorly to the treatment [12] .
The GRα isoform also undergoes alternative translation initiation in exon 2, generating eight additional isoforms of GR with truncated N-termini (GRα-A, GRα-B, GRα-C1, GRα-C2, GRα-C3, GRα-D1, GRα-D2, and GRα-D3). GRβ may also generate eight β isoforms similar to the hGRα [13] . All of the GRα isoforms have similar glucocorticoid-binding affinities and interactions with GREs. Interestingly, the GRα-C isoforms are the most biologically active, while the GRα-D isoforms are the most deficient in glucocorticoidmediated functions [14] . Intriguingly, the GRα-D isoform is constitutively present in the nucleus and bound to certain GRE-containing target genes [7] . Widespread tissue distribution of all transcriptional and translational isoforms of GR permit fine-tuning of GR signaling based on their relative availability in a given cell or a tissue type.
Genomic effects of GR
The classical effects of glucocorticoid signaling are the genomic actions, which depend on GR-mediated transcription and de novo protein synthesis.
Ligand-bound GR homodimerizes in the nucleus and exerts its transcriptional activation or repression by direct high-affinity binding to glucocorticoid response elements (GREs) found either in the promoters or the intragenic regions of glucocorticoid target genes ( Figure 4) . The gene encoding glucocorticoid-induced leucine zipper (GILZ) [15] , serum/glucocorticoid regulated kinase 1 (SGK1) [16] , Tristetraproline (TTP) [17] , and Mitogen-activated protein kinase phosphatase-1 (MKP-1) [18] are examples of genes upregulated by activated GR. Examples of genes negatively regulated by GR are β-arrestin 2 [19] , osteocalcin [18] and the GR gene, NR3C1 itself [20] .
A recent review by Beck et al., which comprehensively analyzed the characteristics of several artificial mutants of GR, sheds light on the complexity of GR function at the molecular and cellular level [21] . Typically, a "simple" GRE is classified as a DNA sequence of imperfect palindromic sequences containing two hexameric half sites separated by three base pairs. One-third of these bases are highly conserved, while two-thirds of these bases can be variable. It is this variability in DNA sequence within the GRE that dictates the outcome of GR-transcriptional activity [22] . Furthermore, glucocorticoid-bound GR binds to these "simple" GREs to mediate transactivation, rather than transrepression, by recruiting coactivators and chromatin-remodeling complexes [7, 23] . In addition, GR has been reported to bind a half-GRE site on tristetraprolin (TTP), an mRNA destabilizing gene, to decrease gene expression of pro-inflammatory cytokines [17] . GR also modulates gene expression by binding to "composite" GREs, wherein the target gene contains binding sites for GREs as well as other transcription factors. "Tethering" GREs are another way by which GR indirectly regulates gene expression. Despite the absence of DNA binding site, tethering GREs recruit other transcription factors that in turn are bound to GR [7] . For example, suppression of inflammation in diseases such as asthma and COPD occurs by GR tethering with pro-inflammatory transcription factors such as activator protein-1 (AP-1), nuclear factor-kappa B (NF-κB) and signal transducer and activator of transcription 3 (STAT3) [24] . Until recently, the mechanism of GR transrepression was thought to be primarily mediated by tethering GREs. However, a recent finding by Surjit et al. [25] has caused a paradigm shift in our understanding of the direct role of GR in transrepression. GR has been shown to bind to specific, widely prevalent, inverted palindromic sequences with a spacer ranging from 0-2 base pairs, called "simple" negative GREs (nGREs) on target genes. Upon GR binding, the nGRE sequence, recruits co-repressors (NCoR and SMRT), which further recruit histone deacetylases (HDACs) to exert gene repression. In addition, Hudson et al. have discovered through structural studies that binding of GR to nGREs prevents dimerization of GR, while the converse is true when GR binds to activating GREs [26] . Thus, DNA in the form of GREs modulates GR function by allowing selective-regulation of gene expression, whether it be for gene activation or repression. Similarly, the GREs can offer more than just a docking site for GR in the protein/DNA complex, since the DNA sequence in the GRE can serve as a ligand that can allosterically modulate the structure and the transcriptional activity of GR [22] .
Non genomic effects of GR
Emerging evidence suggests that glucocorticoids can also exert their actions in a more rapid (within minutes), non-genomic signaling mechanism that does not require nuclear-GR mediated-transcription or translation (usually takes a few hours). These actions are thought to be mediated by the activation of signal transduction pathways, such as the mitogen activated protein kinase pathway, by the membrane-bound GR or the cytoplasmic GR [27, 28] . Additionally, rapid effects, not specific to GR, also occur as a result of physiochemical interactions of glucocorticoids with the cell membrane [29] . These rapid actions of the GR have been reported in various systems, including the cardiovascular, the immune and the neuroendocrine systems [27] , [30] , [31] . Exploiting these mechanisms to improve novel corticosteroids is currently underway.
Post-translational modifications
Post-translation modifications (PTM) to the GR also contribute to the diversity in transcriptional activity. Phosphorylation of GR has been reported to occur on several serine residues (S113, S134, S141, S143, S203, S211, S226, and S404) by a number of kinases including cyclin-dependent kinase, MAPK, glycogen synthase kinase-3 (GSK-3) and casein kinase II [8] , [32] . Most phosphorylation sites have been shown to be modified only upon receptor activation by ligand binding. However, Galliher-Beckley et al. have recently shown that serine 134 residue can be phosphorylated by p38 MAPK in a hormone-independent manner [32] . Interestingly, studies in patients undergoing glucocorticoid treatment for asthma revealed a negative correlation between p38 MAPK activity and the patient's response to GC therapy [33] . The use of inhibitors against p38 MAPK activity improved the anti-inflammatory effect of GC therapy in patients with asthma and chronic obstructive pulmonary disease (COPD) [34] , providing an improved avenue for therapy.
There have been recent reports that the GR can be acetylated on Lysine 494 and 495 in response to glucocorticoids, and this modification correlates with impaired ability of GR to inhibit the actions of NF-κ B [35] . Furthermore, knockdown of HDAC2 correlated with decreased sensitivity to corticosteroid treatment in primary alveolar macrophages, and overexpression of HDAC2 in alveolar macrophages from COPD patients exhibiting glucocorticoid resistance reestablished their sensitivity to glucocorticoid therapy [24] . Further supporting evidence comes from recent work published by Zhang et al., in which inhibition of HDAC using trichostatin A in rodents exacerbated the inflammatory response in an LPS-induced myocarditis model [36] . In addition, enhanced inflammatory response to LPS, and decreased HDAC activity were observed in rodents whose glucocorticoid pathway was attenuated either by RU486 or adrenalectomy, thereby suggesting that GR exerts antiinflammatory actions by utilizing HDAC. An additional layer of GR regulation lies in ubiquitin-proteasome and SUMOylation processes. A lysine residue critical for GR ubiquitination and an E3 ubiquitin ligase were identified, and alterations to the lysine residue or the E3 ligase have been shown to modulate GR activity [37] [38] . SUMOylation regulates a variety of cellular functions such as protein subcellular localization, organization of chromatin structure, transcription and protein stability. GRα undergoes SUMOylation at specific lysine residues and this modification targets GR for degradation [7] .
The role of glucocorticoids in health and disease
GR isoforms are expressed in nearly all tissue types and glucocorticoid signaling is almost ubiquitously prevalent in the various organ systems [7] . Due to their anti-inflammatory, antiproliferative, pro-apoptotic and anti-angiogenic roles, glucocorticoids have been remarkably effective in treating various diseases and they have been at the forefront of basic science and pharmaceutical research for the past few decades. In this section, we summarize the recent progress that has been made in understanding the role of glucocorticoid/GR signaling in various organ systems ( Figure 4 ).
Embryonic development
To elucidate the in vivo role of glucocorticoid signaling during development, Schutz and colleagues [39] , [40] conducted genetic studies with GR knockout mice. GR −/− neonates die soon after birth due to respiratory failure arising from impaired lung development, indicating the important role of GR signaling in lung maturation [41, 42] . In addition, profound alterations in the regulation of liver, adrenal gland, brain and HPA axis were observed in GR −/− mice. Futhermore, thymocytes become resistant to apoptosis in the absence of GR [39] . Together, the presence of a functional GR during gestation is essential for postnatal survival as well as during development.
Nervous system
Signals caused by stress are mediated by glucocorticoid receptors that are expressed widely in the brain. Elevation in glucocorticoids has been implicated in psychiatric disorders such as schizophrenia, drug addiction, posttraumatic stress disorder (PTSD) and mood disorders [43] . Moreover, addiction to substances such as cocaine [44] and alcohol [45] has also been linked to aberrant GR signaling. Knockout and transgenic mice have aided in elucidation of the role of GR in the central nervous system [46, 47] . Several studies indicate that GR functions in the brain positively correlate with anxiety behavior [48] . For example, Tronche et al. showed that brain-specific deletion of GR resulted in mice with decreased anxiety and lower levels of despair-like behavior [40] . Consistently, mice overexpressing GR in the brain exhibit increased anxiety [48] . Since GR is either deleted or overexpressed in the entire brain in these studies, that too early in birth, it is impossible to attribute specific brain regions to the phenotypes observed. However, recent studies using mice lacking GR in specific regions of the brain-forebrain or the amygdala during adulthood have shed some light on the role of GR on the HPA axis and behavioral disorders [49] . GR in the forebrain has been shown to regulate HPA axis and behavior under stressed conditions, while GR in the amygdala has been shown to be playing an important role in memory acquisition and fear conditioning.
Visual System
Ophthalmologists have wisely utilized the anti-inflammatory and anti-angiogenic functions of glucocorticoids in treating various forms of ocular inflammation (e.g., conjunctivitis, keratitis, uveitis), macular edema, and macular degeneration [47] . In addition, glucocorticoids have been used to inhibit neovascularization in the eye that could lead to vision loss [50, 51] . Unfortunately, a subset of patients undergoing chronic systemic glucocorticoid therapy develop cataracts and are at a high risk for developing glaucoma arising from increased intraocular pressure [50, 52] . To minimize off-target effects of GR signaling within the eye, significant advances in drug delivery have introduced intraocular implants that release corticosteroids in a controlled manner [52] . Much of vision research involving steroids has focused on the effects of exogenous glucocorticoids, but not in understanding the role of glucocorticoid function in normal physiology. Response to glucocorticoid treatment in the eye implies a natural role for glucocorticoid signaling in the eye. Furthermore, by using rodent models, it has been shown that glucocorticoids confer protection in photoreceptors in the retina by preventing their apoptosis [53, 54] .
Cardiovascular System
Corticosteroid levels should be in balance, because patients with excessive levels of corticosteroids (either endogenously or exogenously) are at a higher risk of developing cardiovascular disease, although it is unclear if these effects are direct or indirect actions of glucocorticoids on the heart [55] . Patients who developed Iatrogenic Cushing's syndrome as a result of long-term glucocorticoid treatment were at a higher risk of developing cardiovascular disease compared to the people not receiving glucocorticoid treatment [56] . There is also evidence for the expression of GR and for the production of corticosteroids in the blood vasculature and the heart of humans; however, the molecular mechanism by which glucocorticoids-GR exert cardioprotection is poorly understood [57] . Moreover, the role of the GR in the heart is disputed because cardiomyocytes also express the mineralocorticoid receptor (MR), which can also bind glucocorticoids [58] . In the vasculature, glucocorticoids inhibit the production of vasodilators such as prostacyclin and nitric oxide, for maintaining blood pressure homeostasis [30] . In cardiomyocytes, GRs have been demonstrated to exert anti-apoptotic (e.g., attenuate cytokine induced pro-apoptotic signals) and anti-inflammatory actions (e.g., inhibition of NF-κB and upregulation of annexins) [59] .
Interestingly, Ren et al. have recently reported that treatment of cardiomyocytes with synthetic glucocorticoid dexamethasone causes the cells to attain features characteristic of cardiac hypertrophy [60] . However, dexamethasone was also capable of reversing the apoptosis caused by starvation and exposure to TNFα, suggesting that glucocorticoids are cardio-protective under stressful conditions. Furthermore, in a recent in vivo study using LPS-induced myocarditis model, Zhang et al. [36] demonstrated that endogenous glucocorticoids are required for inhibiting myocardial inflammation. In addition to the above mentioned genomic effects, there exist reports on the non-genomic roles of GR in the cardiovascular system which are exerted through mitochondrial GR and serum and glucocorticoid-responsive kinase-1 (SGK-1) [30] . Collectively, glucocorticoid regulation of cell size, apoptosis, inflammatory state and vascular tone appear to be vital for proper cardiac function.
Immune System
Glucocorticoids are a gold standard for immune suppression in organ transplant patients. They exert their classic anti-inflammatory role by acting on nearly all cell types of the immune system [61] . For example, in dendritic cells (antigen presenting cells) glucocorticoids suppress dendritic cell maturation, thereby converting them into tolerogenic dendritic cells that possess weak T-cell energy. Dendritic cell migration and apoptosis are also controlled by glucocorticoids. Furthermore, it has been reported recently that glucocorticoids can induce differential effects in dendritic cells based on the GR isoform available [62] , thereby providing a strategy for GR-isoform specific targeted therapy. Another key cell type in the immune system are the macrophages, which express pattern recognition receptors (such as Toll-like receptors) that sense infectious agents and harmful signals and activate the inflammasome complex which in turn controls pro-inflammatory cytokine release [63] . Interestingly, glucocorticoids have also been shown to positively regulate NLRP3, a component of the inflammasome complex in macrophages, to augment pro-inflammatory response [63] . Also, glucocorticoids cooperate with the pro-inflammatory molecule TNFα to induce toll like receptor 2 gene expression, thereby stimulating innate immunity [64] . In contrast, the GR has also been shown to enhance phagocytosis of neutrophils by macrophages, a desirable outcome by glucocorticoids to curb inflammation [65] . Neutrophils infiltrate the inflammatory site by following cues from cytokines and chemokines released from mast cells and endothelial cells. Glucocorticoids suppress migration of these neutrophils by repressing the expression of cell adhesion molecules [28] . However, glucocorticoids are also thought to suppress apoptosis of neutrophils by mechanisms including upregulation of anti-apoptotic proteins such as Mcl-1 an XIAP (reviewed in [66] ). The effect of glucocorticoids on T cells is specific to the subtype of T cell. In proinflammatory T cells, glucocorticoids induce apoptosis, whereas glucocorticoids exert pro-survival effects in regulatory T cells [61] [65] . Consequently, mice lacking GR in T cells by gene targeted deletion displayed resistance to glucocorticoid-induced apoptosis. Glucocorticoids also act as immunomodulators to suppress B cell antibody production in various autoimmune disorders and in B-cell malignancies [67] . Glucocorticoids have been known to moderately influence the different phases of B cell activation, survival, proliferation and differentiation. Glucocorticoid treatment of B cells results in reduction in B cell numbers, proliferation of progenitor numbers and in IgG production in a dose-dependent manner and can also lower the level of the anti-apoptotic protein, Bcl-2, thereby making the B cells susceptible to glucocorticoid-induced apoptosis [61] .
Respiratory system
Glucocorticoids, particularly the inhaled corticosteroids, are the most commonly prescribed drugs for the treatment of chronic inflammatory conditions of the respiratory tract. In asthma, multiple inflammatory genes in the airways are turned on by the activation of proinflammatory transcription factors, such as NF-kB and AP-1. Glucocorticoids, by inhibiting NF-kB and AP-1 activity, suppress the production and secretion of cytokines, chemokines and cell adhesion molecules by the airway epithelium. However, a vast majority of COPD patients and a minority of asthma patients fail to respond to glucocorticoid therapy even at high doses. Several studies have associated this corticosteroid resistance with changes in interferon-γ levels [68] . Furthermore, increased activity of MAPK, ERK and JNK pathways in the airways have been implicated in glucocorticoid insensitivity in respiratory disorders. Inhibitors to some of these pathways are currently in clinical trials, and based on the outcome of the trials [69] , these compounds could be used in combination with corticosteroids to improve the treatment of respiratory conditions.
Glucose and liver metabolism
Metabolism and energy homeostasis is maintained by glucocorticoids. Under conditions of stress (such as starvation and exercise), glucocorticoid signaling regulates the liver to replenish glucose by glycogenolysis and gluconeogenesis. A physiological appreciation for GR signaling to regulate metabolic homeostasis can be found in cases with Cushing's disease and Addison's disease, where Cushing's can result in central obesity, hyperglycemia, hypercholesterolemia, and fatty liver. In contrast, weight loss due to loss of appetite, skin discoloration, and hypoglycemia are seen in patients with Addison's disease [70] . Moreover, numerous studies have reported metabolic abnormalities associated with dysfunctional signaling of the GR [70] . Studies using liver-specific knockout mice of growth hormone (GH), STAT5 and GR reveal that interplay between the GR and growth hormone pathways regulates the whole-body growth and metabolic functions [reviewed in [71] . For example, in the liver, GR has been shown to bind STAT5, a critical molecular player in growth hormone signaling. Moreover, liver-specific deletion of GR in mice resulted in decreased expression of genes downstream of STAT5 signaling, indicating that GR and GH pathways interact with each other. There is considerable evidence implicating GR signaling in maintaining glucose homeostasis. With diabetes and obesity on the high rise, further studies dissecting the complex actions of GR in the hepatic system would be beneficial.
Reproductive System
During development, gonads and adrenals share a common adrenogonadal primordium. Therefore, it is not surprising that glucocorticoids play a vital role in reproduction in both sexes. Physiologically, glucocorticoids regulate gonadal function at multiple levels along the hypothalamic-pituitary-gonadal axis [72] . Excessive glucocorticoids either as a result of synthetic glucocorticoid therapy or due to Cushings' syndrome lead to various adverse effects resulting in impaired reproductive function [73] .
Over the past decade, glucocorticoid therapy has drastically improved the outcome of preterm births by significantly decreasing neonatal mortality and morbidity by accelerating fetal lung maturation and survival in infants born <34 weeks of gestation [74] . However, antenatal glucocorticoid treatment can trigger premature signaling by the endogenous fetal glucocorticoid receptors, which in turn could predispose the infant to alterations in the hypothalamic-pituitary-adrenal axis (HPA), and metabolic and cardiovascular dysfunction. Studies conducted in animal models have shown that this developmental programming of antenatal glucocorticoids may have long lasting effects on the life of the offspring [75] . However, the extent of damage contributed by antenatal glucocorticoid therapy in preterm infants is controversial due to several factors. For example, intrauterine growth restricted (IUGR) babies are predisposed to be delivered prematurely. Preterm babies are most often subjected to acute therapy in the neonatal intensive care unit (NICU), which are stressors that could have a longterm affect on the health of these babies, making it difficult to tease apart the contribution of exogenous glucocorticoids from other factors such as IUGR, and assistance at NICU. Moreover, since it is unethical to not treat women predicted with preterm birth with glucocorticoids, it is difficult to identify the exogenous glucocorticoidspecific effects in the infants born prematurely. Interestingly, the rate of antenatal therapy is not high in Poland and a group of Polish researchers were able to perform whole-genome wide expression study comparing profiles of peripheral leukocytes from the blood of preterm born neonates either exposed to or not exposed to corticosteroids. The authors reported that the effects of antenatal glucocorticoids were mostly short-lived. Since the study was dealing with prematurely born infants, it had its own limitations in being unable to examine the steroid-specific effects on tissues besides the circulating leukocytes [76] . A major concern in the neonatal practice of antenatal glucocorticoid therapy is the association of glucocorticoid treatment to changes in development and regulation of the HPA axis in the offspring. However, studies involving preterm babies are confounded by the fact that there is attenuated HPA axis signaling due to prematurity. Although studies conducted in animal models suggest dysregulation of the HPA axis, studies conducted in humans have not clarified if antenatal or neonatal glucocorticoid therapy is known to cause any permanent neurodevelopmental consequences. Alexander and colleagues [77] have conducted an interesting study, where they examined cortisol activity in offspring born not prematurely, but at term, to hospitalized females who have undergone antenatal glucocorticoid treatment and compared them to controls born to hospitalized females not exposed to synthetic glucocorticoids. Results from this study suggest that antenatal synthetic glucocorticoid therapy may alter the developmental programming to have a long-lasting effect on the HPA axis of the offspring. Considering the benefits in preterm birth, antenatal glucocorticoids will however likely remain as an important treatment strategy in neonatal practice. Clearly, further longitudinal studies are needed to understand if the adverse outcomes seen in animal models are recapitulated in humans. Until then, the smallest dose of antenatal glucocorticoids required should be used to improve the survival of preterm babies.
Although glucocorticoids are beneficial in promoting fetal lung maturation, fetal exposure to glucocorticoids can have long-term repercussions affecting the fertility of the offspring. The importance of glucocorticoids in maintaining fertility is well-illustrated by the example of congenital adrenal hyperplasia (CAH). CAH is an autosomal recessive disorder caused by the decrease in 21-hydroxylase enzyme that is required for steroidogenesis of cortisol and aldosterone in the adrenal glands. Decrease in these steroid hormones signals the adrenals to produce more androgens, leading to virilization of genitalia in females [78] and subfertility in males [79] . CAH can be treated by substituting the loss of cortisol with synthetic glucocorticoids. Recently, other studies have looked into the beneficial effects of glucocorticoids in fertility. For example, women who had been treated with dexamethasone in addition to induced ovulation and intrauterine insemination (IUI) had about a four-fold increase in pregnancy rate compared to women that underwent ovulation induction and IUI [80] .
Furthermore, there is an association between recurrent miscarriages and a polymorphism in NR3C1, suggesting the importance of an intact functioning GR for achieving a successful pregnancy [81] . Recent work has underscored the role of glucocorticoid receptor signaling in the uterine epithelium. In particular, the glucocorticoid signaling system communicates with the estrogen signaling pathway to tightly regulate the pro-and anti-inflammatory uterine milieu, perhaps as a mechanism for implantation [82] . Since most of the clinical studies are currently focused on the effects of antenatal steroid therapy, future studies addressing the physiological role of glucocorticoids in couples trying to achieve/maintain pregnancy would be beneficial.
Musculoskeletal system
Glucocorticoids are the first line of drugs for treating musculoskeletal disorders, such as rheumatoid arthritis (RA) where there is inflammation in the joints and the surrounding tissues. However, synthetic glucocorticoids used in RA therapy can have adverse side effects. Glucocorticoids can cause osteoporosis, and in fact, glucocorticoid-induced osteoporosis is one of the most unfavorable outcomes of long-term high dose glucocorticoid therapy, particularly in the elderly. Studies have shown that the GR is required for bone resorption and the mechanism is thought to be mediated by RANKL/OPG and Wnt signaling pathways [83, 84] . Furthermore, Jia et al. have reported that glucocorticoids can also act directly on osteoclasts to expand their life span [85] . GR-induced bone loss is a sum of apoptosis of osteoblasts (help make bone) and osteocytes (resorb bone) [5] , increased osteoclastogenesis, and decreased vasculature, and thereby poor nutrient transport [86] . Recent work have focused on combination therapy to combat glucocorticoid-induced osteoporosis. For example, Ramli et al. have identified that Glycyrrhizic acid (isolated from Licorice root) was able to rescue rats from dexamethasone-induced bone loss [87] . Furthermore, parathyroid hormone (PTH) has been shown to attenuate the effects of prednisolone on bone loss in mice [88] .
Upon injury, muscle regeneration utilizes the immune system and the inflammatory response to repair the injury to muscle. Glucocorticoids disrupt muscle energy homeostasis in multiple ways, by increase in muscle anabolism as well as catabolism, induction of proteolysis and by inhibiting regeneration of muscle [89] . For example, in conditions such as starvation or renal failure, glucocorticoids play an important role in regulating muscle mass. Glucocorticoids break down skeletal muscle by inhibiting their regeneration by attenuating myogenic cell proliferation and differentiation [89] . The IGF-1-PI3K-Akt pathway, the myostatin signaling pathway and the NF-κ B pathway have been implicated as the primary pathways mediating glucocorticoid-mediated skeletal muscle catabolism. Increase in protein degradation is a consequence of chronic hypercortisolism or chronic administration of exogenous glucocorticoids. Studies have shown that glucocorticoids inhibit PI3K-Akt pathway to activate the ubiquitin-proteosome pathway, which in turn leads to the increased expression of machinery required for protein degradation [90] [91] . Besides protein catabolism, glucocorticoids inhibit muscle anabolism by inhibiting amino acid transport into muscles. mTOR, REDD1 and KLF15 are involved in glucocorticoid-mediated repression of protein synthesis [91] . Moreover, GR signaling activates transcription of genes associated with insulin resistance and muscular atrophy [92] . Clinically, glucocorticoid-induced skeletal muscle catabolism can present as glucocorticoid-induced myopathy or critical illness myopathy. Glucocorticoid-induced myopathy manifests as muscle weakness in the proximal muscles, often sparing the distal extremities, and is rather painless. This condition can be reversed by either discontinuation of steroids or lowering the administered dose. However, critical illness myopathy is more severe and is reported in patients receiving intensive care and are being treated with a combination of high-dose glucocorticoids and non-depolarizing neuromuscular blocking agents [91, 93] . This myopathy manifests as a symmetric diffused weakness of all extremities, reduced deep tendon reflexes and elevated serum creatinine kinase levels. Therefore, withdrawal of glucocorticoids remains to be the treatment of choice for glucocorticoid-induced muscle atrophy. In addition, activity of GR in the skeletal muscle has been shown to positively correlate with the metabolic syndrome [70] .
Integumentary System
Topical corticosteroids are commonly used for treating cutaneous inflammatory conditions, such as eczema and psoriasis, due to their anti-proliferative and anti-inflammatory actions [94] , [95] . However, the therapeutic benefits from the long-term use of glucocorticoids in patients are also accompanied by adverse effects such as skin atrophy and delayed wound healing. Whether the wound healing side effect is due to transactivation or transrepression by GR was poorly understood until recently when Perez and colleagues significantly moved the field forward, providing insight into the role of skin-specific GR [96, 97] . In particular, anti-proliferative effects of the GR in keratinocytes were shown to be regulated by transrepression. However, both GR transrepression and transactivation were found to negatively delay wound healing of keratinocytes [98] . In addition, GR was found to regulate eyelid development [97] . More recently, results from mice lacking GR in the skin (GR EKO ) demonstrated that the physiological role of GR in the skin is to regulate epithelial integrity and immune function [96] . Altogether, the knowledge gained from these studies could be applied to improving glucocorticoid therapy for cutaneous diseases, perhaps by using GR agonists that can preferentially activate transrepression by the GR and minimize transactivation.
Glucocorticoid resistance
Some patients being treated with glucocorticoids for inflammatory conditions, such as COPD and asthma, respond poorly to the treatment. This resistance to glucocorticoid therapy has become a major barrier in effectively treating patients with inflammatory diseases. Ongoing research indicates that multiple mechanisms contribute to glucocorticoid resistance in subpopulations of patients receiving glucocorticoid treatment. Increase in the inactive hGRβ isoform or a decrease in nuclear translocation of GR have been thought to contribute to this resistance. Repression of GR gene expression by glucocorticoid-induced GR binding to an nGRE on NR3C1 has been implicated to be a critical mechanism for glucocorticoid resistance [20] . Also, the ability of GRβ to modulate transcription, independent of GRα, could perhaps be one of the mechanisms by which GRβ antagonizes the actions of GRα [9] . Another mechanism is believed to be decreased GR signaling due to changes in GR phosphorylation [8] . Phosphorylation of GR by p38 MAPK has been shown to be a causal factor for glucocorticoid resistance in several patients. Mercerdo et al._ [34] have shown that inhibition of p38 MAPK in peripheral blood monocytes isolated from patients exhibiting glucocorticoid resistance restores insensitivity by increasing GR nuclear translocation. In addition, the authors went on to show that p38 MAPK inhibition decreases phosphorylation of GR at S226 in a monocytic cell line, providing a mechanism by which phosphorylation of GR by p38 MAPK could contribute to glucocorticoid resistance. Future clinical studies will be required to prove that p38 MAPK inhibition will have beneficial effects on asthmatic patients with glucocorticoid resistance.
As discussed above, GR recruits HDACs to undergo deacetylation, which correlates with improved glucocorticoid sensitivity. By contrast, hyperacetylation of GR due to impaired HDAC2 function could result in glucocorticoid resistance. Genetic susceptibility, hyperactivity of pro-inflammatory transcription factors and or cytokines, and elevated expression of the multidrug resistance gene, MDR1, are some of the mechanisms believed to be contributing factors to glucocorticoid resistance [18] . Furthermore, several polymorphisms in the GR gene have been linked to changes in glucocorticoid sensitivity [99] . Thus, knowing if a patient has polymorphism(s) in their GR gene would potentially provide clues to predicting the state of a patient's glucocorticoid sensitivity early on in therapy.
Glucocorticoid receptor polymorphism
Polymorphisms are found throughout the gene body (NR3C1) of the glucocorticoid receptor. NR3C1 gene with a polymorphism(s) results in a modified transcript that can have a varying degree of impact ranging from no affect to altered glucocorticoid sensitivity. The main polymorphisms include BclI, N363S, and ER22/23EK. The BclI restriction fragment length polymorphism is located in intron 2 of NR3C1 and comprises of a single nucleotide substitution of C>G. BclI has been associated with abdominal obesity, depression, memory, and hypersensitivity to glucocorticoid treatment [100] [101] [102] . N363S is a single nucleotide polymorphism (SNP) also located in exon 2 of the gene, which is determined by a single amino acid substitution from asparagine to serine. N363S is associated with improved glucocorticoid sensititvity [102] . ER22/23EK is a polymorphism located on exon 2 and comprises of two nucleotide substitutions, of which only the second polymorphism results in the substitution of an amino acid which has an impact on the tertiary structure of GR, thereby affecting activation of transcription. The presence of ER22/23EK polymorphism is reported to decrease glucocorticoid sensitivity [103] , increase muscle mass [104], BMI, triglyceride levels and hs-CRP [103] and increased the risk of depression.
Polymorphisms in the GRβ gene have been associated with increased GR insensitivity. An A to G substitution in the 3'UTR at position 3669 of the GRβ gene has been shown to increase its mRNA stability, and is associated with rheumatoid arthritis [105] . In addition, results from a large study involving nearly 8000 human subjects suggest that homozygosity for this GR-9β polymorphism correlates with an increased risk of myocardial infarction and coronary heart disease [106] . GR polymorphisms are rare, therefore resulting in interpretations that may not be statistically significant. Hence, any conclusions drawn from studies characterizing polymorphisms should be considered with caution.
Optimizing glucocorticoid therapy
Every year, glucocorticoids (oral, inhaled and topical drugs) are saving lives or improving the quality of lives all around the world [107] . However, glucocorticoid therapy comes with several side effects. Endogenous corticosteroids can exert their effects through the GR and MR. Therefore, synthetic glucocorticoids are tailored towards exerting their effects primarily through GR to minimize effects arising from MR activity. Significant advancements have been made since the studies unraveling the complex mechanisms in the GR signaling have laid the foundation for new and improved drug design [2] . For example, fluticasone and budesonide are inhaled corticosteroids that can be used for long-term treatment of asthma with minimal systemic effects. The current areas of improvement in drug design are to i) develop selective GR agonists (SEGRAs) or modulators (SGRMs) that have an improved anti-inflammatory action and minimal sideeffects, ii) synthesize potent anti-inflammatory GR agonists that are less effective on MR (eg: prednisone), iii) target delivery of the drug to the site of inflammation (intra-vitreal injections, synovial injections in rheumatoid arthritis, use of liposomal glucocorticoids), iv) combination therapy, and v) to optimize the dose of glucocorticoids administered to the patients. The transcriptional activity of GR is dependent on the kind of the activating ligand glucocorticoid. For example, in a recent study, dexamethasone, prednisolone and a SEGRA (GW870086X) exhibited differential response in human trabecular meshwork cells, with SEGRA activity exhibiting potentially improved outcome in glaucoma [108] . Since all glucocorticoids are not created equal, conclusions drawn from one glucocorticoid may not be equivalent to that of another glucocorticoid. Therefore, in-depth studies of each synthetic glucocorticoid to evaluate their specific pharmacological properties are warranted. The differential gene-expression profile of different glucocorticoids can be advantageous in developing personalized medicine. Interestingly, recent work demonstrating that GR binds to GREs in β-arrestin 1 and 2 and modulates their gene expression to alter G-protein coupled receptor (GPCR) signaling may have beneficial implications in combination therapy using corticosteroids and GPCR-based drugs in the treatment of asthma and COPD [19] . An emerging area of approach is exploiting the rhythmic nature of glucocorticoid signaling with the goal of developing drugs that can be released in a manner that is in tune with the circadian pattern of GR signaling. Under normal physiological conditions, glucocorticoid levels are in synchrony with the circadian rhythm. Moreover, glucocorticoids can reset the circadian rhythm in the peripheral tissues without the involvement of the master clock residing in the suprachiasmatic nucleus of the hypothalamus [109] . Since the discovery of circadian regulation of glucocorticoid signaling, chrono(pharmaco)therapy has become the recent advancement in glucocorticoid therapy. Chrono(pharmaco)therapy integrates the regulation of circadian timing system and the delivery of drugs to optimize treatment options. Glucocorticoids being chronobiotic in nature (have the ability to regulate circadian rhythm) offer hope to patients suffering with symptoms from rheumatoid arthritic, asthma and COPD [4, 110] .
Concluding Remarks
Glucocorticoids are a mainstay for their anti-inflammatory, immunosuppressive and inflammatory disease-modulating actions. Since the start of glucocorticoid therapy 60 years ago, the therapeutic implications of targeting GR in various organ systems have been well studied; however, less is known about the physiological role of the GR. From a mechanistic and tissue-specific perspective, numerous studies using transcriptomics have shed light on the magnitude of GR's ability as a transcription factor. Being cognizant about recent knowledge on the mechanistic advances in transrepressing (anti-inflammatory effects) and transactivating (side effects) roles of GR, future studies targeting GR signaling temporally and spatially by generating genetically manipulated mouse models would enable us to tease apart the yin and the yang of GR signaling in a more physiologically relevant fashion. Ultimately, future synthesis of new glucocorticoids/drugs developed by applying the knowledge obtained from in vitro and in vivo studies, provide hope of a new era where the adverse effects of glucocorticoids are infinitesimal compared to their benefits. Schematic representation of the regulation of glucocorticoid levels by the hypothalamic pituitary adrenal (HPA) axis. The synthesis and release of glucocorticoids is under the dynamic circadian and ultradian regulation by the periventricular nucleus of the hypothalamus. Corticotropin-releasing hormone (CRH) secreted by the hypothalamus stimulates the release of adrenocorticotropic hormone (ACTH) from the anterior pituitary gland. In turn, ACTH induces the synthesis and secretion of cortisol from the cortex of the adrenal glands into the blood stream. In the blood, majority of the cortisol remains bound to corticosteroid-binding globulins in the blood. The biologically active form of the glucocorticoid is the unbound cortisol that can be converted to the inactive form, cortisone by type 2 11β-hydroxysteroid dehydrogenase. Type 1 11β-hydroxysteroid dehydrogenase converts the cortisone to cortisol. Homeostasis in glucocorticoid levels in maintained by the negative feedback loop suppressing ACTH levels in the anterior pituitary and CRH levels in the hypothalamus. Genomic location and organization of the human glucocorticoid receptor. The human glucocorticoid receptor is located on chromosome 5q31-32 locus. (A) GR undergoes alternative processing to yield multiple functionally distinct subtypes of GR. GR contains 9 exons with the protein coding region formed by exons 2-9. Exon 1 forms the 5'-untranslated region. Alternative splicing of GR generates hGRα and hGRβ isoforms, which differ in their C-termini. (B) The GRα isoform undergoes alternative translation initiation in exon 2, generating eight additional isoforms of GR with truncated N-termini (GRα-A, GRα-B, GRα-C1, GRα-C2, GRα-C3, GRα-D1, GRα-D2, and GRα-D3). GR β is predicted to also generate eight β isoforms similar to hGRα. (C) GR is a modular protein containing an N- Glucocorticoid Receptor Signaling. Upon binding glucocorticoids, cytoplasmic GR undergoes a confirmational change, becomes hyperphosphorylated (P), dissociates from accessory proteins, and translocates into the nucleus, where it can exert its actions through genomic mechanisms. Activated cytoplasmic GR is also known to exert its actions via nongenomic mechanisms. In the nucleus, GR enhances or represses transcription of target genes by direct binding to simple or negative GREs respectively, by tethering itself to other transcription factors, or in a composite manner by direct binding to GRE and interacting with other transcription factors. One of the mechanisms by which GR suppresses inflammation is by inducing TTP expression, which in turn binds to mRNA of pro-inflammatory gene expression and destabilizes them. GR modulates the gene expression of arrestins 1 & 2 to alter GPCR signaling. Role of glucocorticoids in health and disease. This schematic represents the roles of glucocorticoids in major organ systems of the human body (black text), beneficial roles of glucocorticoids in the clinic (green text) and adverse outcomes in patients with elevated glucocorticoid levels (blue text).
